Both scalar and Dirac quasinormal modes in Garfinkle-Horowitz-Strominger black hole spacetime are studied by using the WKB approximation and the Pöschl-Teller approximation. For scalar field, we find that the QNMs with higher dilatons decay more rapidly than that with lower ones. However, this is not the case for mass m. Fields with higher mass will decay more slowly. The similar behaviors appear in the case of Dirac field. We also find that QNM frequencies evaluated by using WKB approximation and Pöschl-Teller approximation have a good agreement with each other when mode number n is small. PACS: number(s): 04.70.Dy, 04.70.Bw, 97.60.Lf
I INTRODUCTION
The stability of a black hole has been discussed for many years. The pioneering work on this problem was carried by Regge and Wheeler [1, 2] , who studied the linear perturbation of Schwarzschild black hole. Vishveshwara [3] and Chandrasekhar [4] furthered this work by bringing forward quasinormal modes(QNMs). Being its importance both in the analysis of the stability of the black holes and in the search for black holes and its gravitational radiation, the QNMs of black holes in the framework of general relativity have been studied widely.
QNMs of black holes are defined as proper solutions of the perturbation equations belonging to certain complex characteristic frequencies which satisfy the boundary conditions appropriate for purely ingoing waves at the event horizon and purely outgoing waves at infinity [5] . Generally speaking, the evolution of field perturbation on a black hole consists roughly of three stages [6] . The first one is an initial wave dependent on the initial form of the original field perturbation. The second one involves the damped oscillations called QNMs, which frequencies and damping times are entirely fixed by the structure of the background spacetime and are independent of the initial perturbation. The last stage is a power-law tail behavior of the waves at very late time which is caused by backscattering of the gravitational field.
QNMs were firstly used to study the stability of a black hole. Then people used it to study the properties of black holes for the definite relations between the parameters of the black hole and its QNMs. Latest studies in asymptotically flat space have acquired a further attention because of the possible relation between the classical vibrations of black holes and various quantum aspects, which was proposed by relating the real part of the quasinormal frequencies to the Barbero-Immirzi parameter, a factor introduced by hand in order that loop quantum gravity reproduces correctly entropy of the black hole [7, 8, 9] . Moreover, QNMs also relate to superstring theory [10, 11] . This is known as the AdS/CFT correspondence, which argues that string theory in anti-de Sitter(AdS) space is equivalent to conformal field theory(CFT)in one less dimension.
We know that the Schwarzschild spacetime can describe an uncharged black hole in string theory very well (except in the region near the horizon) when the mass of the black hole is larger than the Plank mass. However, this is not the case for a charged black hole in string theory. Gibbons and Maeda [12] first obtained its solution in this case, latter Garfinkle, Horowitz and Strominger [13] find an another kind of solution, which is known as Garfinkle-Horowitz-Strominger solution. It has been showed that there exist many essential differences between the Garfinkle-Horowitz-Strominger black hole and the Reissner-Nordström black hole. This makes it necessary for us to study the QNMs of Garfinkle-Horowitz-Strominger dilaton black hole, although the similar work of Reissner-Nordström de Sitter black hole has been done by Ref. [14] . The main purpose of this paper is to study the QNMs of Garfinkle-Horowitz-Strominger dilaton black holes by evaluating the quasinormal mode frequencies both of scalar and Dirac fields.
Many methods are available for calculating the quasinormal mode frequencies. Most of them are numerical in nature. However, there are two methods often used, i.e., WKB potential approximation, which was devised and developed in [15, 16] , and Pöschl-Teller(PT) potential approximation, which was first proposed by Pöschl and Teller [17] . Both methods have their own merits. WKB approximation is accurate for the low-lying modes [18] , while the Pöschl-Teller approximation is simpler than the first one and accurate enough for our purpose. Therefore, we utilize the first method to calculate the frequencies of the scalar field, but use the second method to calculate the frequencies of the massive Dirac field. Moreover, we use these two methods to calculate the massless Dirac field so that we can check the consistency between these two kinds of methods.
The paper is organized as follows: In the next section we study the scalar QNMs in GarfinkleHorowitz-Strominger dilaton black hole, and evaluate their quasinormal mode frequencies.In Sec.III, we discuss the Dirac QNMs and calculate their characteristic frequencies. Some conclusions are drawn in the last section.
II SCALAR QUASINORMAL MODES IN THE GARFINKLE-HOROWITZ-STROMINGER BLACK HOLE
We consider the QNMs in the Garfinkle-Horowitz-Strominger black hole described by the metric [13, 19] 
where M is the mass of the black hole, Q is magnetic charge, φ and F are scalar and magnetic field, respectively. The parameter a is defined by
and φ 0 is an arbitrary constant. The best way to deal with the QNMs for the scalar field is to solve equations [13] deduced from the action. However, it is very difficult, if possible, to solve these equations because we must find general solutions rather than static, spherically symmetric solutions which obtained in Ref. [13] when we discuss scalar QNMs in Garfinkle-Horowitz-Strominger black hole. Under this consideration, we use another effective way to solve this question, the way has been used to discuss the entropy in GarfinkleHorowitz-Strominger black hole in Ref. [19] .
The scalar field with mass m satisfies the wave equation
If we introduce a tortoise coordinate
and defineφ =Φe −iωt ,
Then the wave equation can be written as
where
It is an extremal black hole for Garfinkle-Horowitz-Strominger black hole when a = 2M , since there exists a curvature singularity at r = a as showed in Eqs. (1) (2) (3) (4) (5) . In this case, many new unknown properties occur and thus further work is needed. In this article, we only calculate the quasinormal mode frequencies when a = 2M . It is obvious that the effective potential satisfies
As m is increased, the peak value of the effective potential will be smaller than the asymptotic value m 2 . Reference [20] pointed out that there will be no quasinormal modes if the peak of the potential is lower than the asymptotic value m 2 , i.e., there exists a maximum value above which quasinormal modes can not occur. Therefore, one can estimate its value m max by using the relation
The results are tabulated in Table I . Here we have used the mass M of the black hole as a unit of mass. From the discussion above, we see that we must let m smaller than m max when we calculate the quasinormal mode frequencies.
One can obtain the complex quasinormal mode frequencies ω by using WKB approximation.
The formula, carried to third order beyond the eikonal approximation, is given by [16] 
where 
We can obtain the complex quasinormal mode frequencies by plugging the potential V in eq.(11) into the formula above. The values for 0 ≤ l are listed in Table II . The values for negative n are related to those with positive n by reflection of the imaginary axis. Figure 1 is its corresponding figure.
III DIRAC QUASINORMAL MODES IN THE GARFINKLE-HOROWITZ-STROMINGER BLACK HOLE
The Dirac equation in a general background spacetime is [2] [γ a e
where e µ a is the inverse of the tetrad e a µ defined by the metric g µν ,
and Γ µ is the spin connection which is defined as Γ µ = 
and use the tortoise coordinate dr * = e −2U dr, the Dirac equation can be decoupled as
where κ satisfies
If we make a change of variables [5] 
where θ = tan
where we have made a coordinate transformatioñ
and
Eq.(24) can also be written as
where V 1,2 are supersymmetric partners derived from the same superpotential. It is obvious that potentials related in this way possess the same characteristic frequencies for bothF andG [21] , which means that Dirac particles and antiparticles have the same quasinormal mode spectra in the GarfinkleHorowitz-Strominger black hole spacetime. Therefore, it is reasonable to concentrate just on Eq.(27) in evaluating the quasinormal mode frequencies in the next sections.
A Quasinormal mode frequencies for the massless Dirac field
In this subsection, we shall evaluate the quasinormal mode frequencies of the massless Dirac field in the Garfinkle-Horowitz-Strominger black hole as a = 2M by using WKB potential approximation and Pöschl-Teller potential approximation, so that we can compare the results with each other. Zhidenko [22] has proved that the quasinormal mode frequencies obtained by the Pöschl-Teller approximation and the sixth-order WKB approximation are in a very good agreement for the Schwarzschild de Sitter black hole.
We rewrite Eq.(27) as d
Here we have written V 1 as V because we shall not consider V 2 , which will give the same spectrum of quasinormal mode frequencies for the previous reason.
If we let a = 0, the equations (30)- (31) give the results of the Schwarzschild black hole [20] . In the following steps, we will use the equations(30)-(31) to evaluate the quasinormal mode frequencies when a = 2M .
From Fig.2 , we know that the effective potential V , which depends only on the value of r for fixed | κ | and a, has a maximum over r ∈ (2M, +∞). The location r 0 of the maximum has to be found numerically. But for | κ |→ ∞, we can get the position of the potential peak from V 1,2 ,
If we treat the mass M of the black hole as a unit of mass and length,the value of the r 0 (| κ |→ ∞) only depends on the coupling coefficient a. It gives r 0 (| κ |→ ∞) = 3 for a black hole with a = 0, which agrees with the result for the Schwarzschild black hole [20] . From Fig.3 , we see that the peak value of the effective potential V increases with a. 
Dirac quasinormal mode frequencies by using WKB approximation
We now evaluate the quasinormal mode frequencies for the massless Dirac field in GarfinkleHorowitz-Strominger black hole using the WKB potential approximation. In Sec.II, we have used this kind of approximation to evaluate the quasinormal mode frequencies for scalar field. We just need plug the effective potential V (r, a, k) in Eq.(31) into Eq.(17) and use Eqs. 
Dirac quasinormal mode frequencies by using Pöschl-Teller approximation
The potential V 1,2 calculated by Eq.(29) are smooth function, integrable over the range of r * ∈ (−∞, +∞), i.e., V → e r * 2M , as r * → −∞,
From this relation, we know that the effective potential drops exponentially to zero as r * → −∞ (but falls off as r −2 as r * → +∞). So we can study the Dirac quasinormal modes by using the Pöschl-Teller approximation potential, [17, 23] 
The quantities V 0 and α > 0 are given by the height and curvature of the potential at its maximum (r * = r 0 ), i.e.,
The quasinormal mode frequencies of the Pöschl-Teller potential can be evaluated analytically [23] 
The results for positive n are listed in Table VI . From Table V and Table VI , we see that the values evaluated by this two kinds of approximation have a good agreement with each other. The real part of the complex frequencies, which decreases slowly as mode number n increases, keeps unchanged as n changes as showed in Fig.8 . However, as to the magnitude of the imaginary part of the frequencies evaluated by these two kinds of approximations, both increase with n. Therefore, both approximations will break down when n is large. In this article, we see that the accuracy of two methods is good enough for any n < κ. It is also showed in Fig.8 that the complex frequencies increases with a. This indicates that the QNMs with higher dilaton decay more rapidly.
B Quasinormal mode frequencies for the massive Dirac field
In this subsection, we shall evaluate the quasinormal mode frequencies of the massive Dirac field as a = 2M in the Garfinkle-Horowitz-Strominger black hole by using Pöschl-Teller potential approximation.
We can rewrite Eq. (27) as d
wherer * = r + 2 ln (r/2 − 1) +
The dependence of potential V (r, m, κ, a, ω) on m, κ, a and ω is showed in Fig.(4-7) , respectively. From Fig.4 , we can see that the peak of the potential increases with m. However, the potential has an asymptotic value m 2 as r → ∞. Hence, there exists a maximum m max above which the height of the peak is lower than the asymptotic value m 2 . As a result, there will be no quasinormal modes when m is larger than m max . So we can use the same method which we have used in Sec.II to estimate this maximum value.
The values calculated in this way are tabulated in Table III and Table IV , where we have also given the maximum values of µ = m/κ which will be used in the following discussions. Fig.5 shows the dependence of the potential on the angular momentum quantum number κ, from which we see that the behaviors of the potential in this case are similar to that of the massless one as showed in Fig.2 . The same case happens in the relation between potential V and a, as showed in Fig.3 and Fig.6 . The variation of the potential with a for massive Dirac field approaches to that of massless one. However, Fig.7 shows that the potential for massive Dirac field depends obviously on the energy (or frequency) ω. This tells us that we can't evaluate the quasinormal mode frequencies as done for the massless ones. In the following parts, we'll evaluate the complex quasinormal mode frequencies for massive Dirac field by using Pöschl-Teller potential approximation.
From Table III and IV, we can see that | µ max |< 1 for any κ = 0, and as | κ |→ ∞, µ → 0 regardless of the value of m. Therefore, we can evaluate the quasinormal mode frequencies in the Pöschl-Teller approximation as power series of µ for given values of κ as showed in [20, 24, 25] . The position r max of the peak of the massive potential can be obtained by expanding r as power series of µ up to order µ 6 ,
and requires
where r 0 is the position of the peak value for the massless case obtained in the last section. The coefficients r i can be then evaluated order by order from this equation. In the following step, we expand ω up to order µ
and plug it into r max , then expand it again up to order µ 6 . Using this new expansion for r max , we can expand the right hand side of Eq.(35). Note that Eq.(34) should be written as
Then we can solve ω i self-consistently order by order in µ. The values evaluated in this way are listed in Tables(VII-VIII) . Quasinormal mode frequencies for any fixed µ < µ max can be obtained by plugging these coefficients into Eq.(42). Fig.9 is the corresponding figure, from which, we can see that the real parts of the quasinormal mode frequencies increase with m, but the magnitude of the imaginary parts of the frequencies decrease as m increase. This means that field with higher mass will decay more slowly. Table IV : Maximum values of the mass m and µ(= m/κ) of the Dirac field above which QNMs can't occur for negative κ.
IV SUMMARIES AND DISCUSSIONS
Both scalar and Dirac quasinormal mode frequecies in Garfinkle-Horowitz-Strominger black hole are evaluated by using WKB approximation and Pöschl-Teller approximation. As for scalar field, the complex frequencies depend on the mass m of the field, the orbital angular momentum l, and the coupling coefficient a. From the results we have obtained in Table II and Fig.1 , we can see that the real parts of the frequencies increase with m and a, but they decrease with n. However, the magnitude of the imaginary parts of the frequencies increase with a and n, but decrease with m. This indicates that field with higher mass will decay more slowly, while QNMs with higher dilaton will decay more rapidly. The similar behaviors appear in the Dirac field. But for massive Dirac cases, we have made an expansion in powers of the parameter µ = m/κ. In this way, we can obtain the numerical values of the quasinormal mode frequencies.
Another conclusion is that the quasinormal mode frequencies evaluated by using WKB approximation agree with the results obtained by using Pöschl-Teller approximation when mode number n is small, as showed in Fig.8 . It is important that we have the same conclusion for massive cases. 
